In the Pacific Northwest, releasing captively reared adult salmon (Oncorhynchus spp.) for natural spawning is an evolving strategy for the recovery of imperiled populations. However, the ability of captively reared fish to spawn naturally may be compromised by their artificial rearing environments. In this study, wild coho salmon (O. kisutch) males outcompeted captively reared males and controlled access to spawning females in 11 of 14 paired trials in laboratory stream channels. In two cases where satellite males were observed participating in spawning, DNA genotyping results determined that they did not sire any of the progeny. When spawning occurred at night and was not observed, DNA results confirmed behavior-based determinations of dominance made before dark. Dominance was established soon after the males were introduced into a common arena containing a sexually active female. We hypothesize that decisions by subordinate males to avoid direct competition may have minimized conflict. The competitive inferiority of captively reared coho salmon in this and a previous study probably reflects deficiencies in rearing environments, which fail to produce appropriate body coloration and body shape and perhaps alter natural behavioral development.
Introduction
Along the Pacific coast of the United States and Canada, captive broodstock programs are being used to restore depleted salmon (Oncorhynchus spp.) populations (e.g., Flagg et al. 1995; Sayre 1995; Shaklee et al. 1995) . Captive broodstocks are often established by removing juvenile salmon from their natal habitats and culturing them to adulthood to bypass high juvenile-to-adult mortality (Waples and Do 1994) . The offspring produced from these fish may be returned to their ancestral streams at several freshwater life history stages (Flagg et al. 1995 ). An alternative reintroduction strategy does not involve artificial spawning of the adults, but rather the release of the captively reared adults into their natal streams for natural spawning. At present, the adult release strategy has not been implemented for coho salmon (O. kisutch) but has been for chinook salmon (O. tshawytscha) and sockeye salmon (O. nerka). However, the success of these programs relative to other reintroduction strategies is not currently known.
The rearing environments experienced by captively reared salmon differ markedly from those experienced by wild fish. These differences create the potential for morphological, behavioral, and, therefore, competitive asymmetries between wild adult salmon and salmon reared in captivity for most or all of the life cycle. In previous studies, the reported negative effects of artificial propagation (both genetic and environmental) on breeding salmon are more severe in males than in females (Fleming and Gross 1993; Fleming et al. 1996; Berejikian et al. 1997 ). This occurs because competition among males for spawning females is usually more intense than intrasexual female competition for spawning territories and nest defense Gross 1992, 1994; Quinn and Foote 1994) .
Breeding success of male coho salmon depends on their ability to obtain access to spawning females Gross 1992, 1994) . The highest ranking (dominant) males gain close access to females, court them, and have a greater chance of being the first to enter the nest during oviposition. Subordinate coho salmon males are either chased off entirely or maintain "satellite" positions downstream and (or) to the side of the courting pair (Berejikian et al. 1997) . In other salmon species, the breeding success of males in an individual spawning event largely depends on the order of nest entry at the time of spawning. Only males that enter the nest and release milt during oviposition have a chance of fertilizing eggs. Among other factors, males that enter the nest first often have the greatest fertilization success (Schroder 1982; Chebanov et al. 1983 ; but also see Foote et al. 1997) .
In studies comparing reproductive behavior of wild and hatchery (returning anadromous fish released as smolts) coho salmon, hatchery males were subordinate and less aggressive than competing wild males, which was associated with a 38% reduction in breeding success of hatchery males Gross 1992, 1993) . Both population (i.e., genetic) effects and early life history rearing environment effects may have contributed to the differences in breeding success. A greater amount of wounding on hatchery males suggests superior fighting ability of wild males. In a study comparing the reproductive behavior and competitive interactions of captively reared (from fry to adult) and wild coho salmon in a natural stream channel, approximately 86% of spawning events involved a dominant wild male (Berejikian et al. 1997 ). However, a few relatively large wild males controlled access to the majority of spawning females, and the captive and wild populations did not differ in the frequency of aggressive behaviors, suggesting that different mechanisms may have given rise to the competitive asymmetries. The purpose of the present study was to determine, on a one-to-one basis, whether wild and captively reared males differ in their ability to acquire access to spawning females and fertilize eggs. Pairs of captively reared and wild males were compared in isolated arenas to eliminate the potential for a few very dominant males to interfere with the interactions among other males. The study also examined the importance of initial (first hour) aggressive interactions in determining eventual spawning success to better understand the mechanisms involved in reduced competitive ability of full-term captively reared coho salmon.
Materials and methods

Broodstock collection and captive rearing
Wild adult coho salmon were collected between 14 and 25 November 1996 at a temporary weir on Stavis Creek and a permanent weir located on the estuary of Big Beef Creek, two small streams that flow into northeast Hood Canal, Washington (U.S.A.), approximately 7 km apart. The Big Beef Creek coho salmon were used in this experiment because we were unable to capture sufficient wild adults from Stavis Creek. Genetically based differences in juvenile aggressive behavior and competitive ability between wild populations of coho salmon have only been observed in juveniles and in populations from river systems that are much different ecologically and physically and are geographically distant (i.e., 80 km apart: Rosenau and McPhail 1987) . Big Beef Creek and Stavis Creek are very similar in their channel characteristics (e.g., low gradient), flow regimes, fish assemblages, and geographic proximity, and we are unaware of any studies demonstrating differences in adult reproductive behavior from two or more streams of such similarity. Thus, we assume that genetically based interpopulational reproductive differences did not confound the comparison of captively reared and wild males. All Big Beef Creek fish used in the experiment (12 males and two females) were initially determined to be offspring of naturally spawning adults by the absence of their adipose fin, which had been clipped from all naturally produced age-1 smolts leaving Big Beef Creek in 1995; scale analysis confirmed that these fish and the two males collected from Stavis Creek were naturally produced (J. Sneva, Washington Department of Fish and Wildlife, 600 Capitol Way N., Olympia, WA 98501, U.S.A., personal communication). The fish were anesthetized with tricaine methanesulfonate, tagged with a numbered 2.0-cm Peterson disk tag, measured to the nearest millimetre for both post-orbitalhypural and fork lengths, and weighed (nearest 1.0 g). At that time, a small portion of the caudal fin (1.0-2.0 cm 2 ) was removed and preserved in 100% ethanol for DNA analyses. Wild adults were transported to the National Marine Fisheries Service, Manchester Research Station, Manchester, Wash., which took approximately 45 min. Males and females were held separately in 2.8-m-diameter tanks until the experiment began.
Captively reared coho salmon used in the experiment had been captured as newly emerged age-0 fry by seining in April 1994 in Stavis Creek. After capture, the fry were transported to the Long Live the Kings Hatchery (located approximately 10 km north of Hoodsport on the west shore of Hood Canal) where they were reared in 1.2-m-diameter tanks. At approximately 5 months of age (average weight 15 g), the fish were transferred to 3-m-diameter tanks. Eight months later (average weight of 500 g), they were transferred to 6-m-diameter tanks. Final (i.e., maximum) rearing densities were approximately 0.003 kg·L -1 . Fish were fed a Bioproducts high-carotenoid brood formula (reference to trade names does not imply endorsement by the National Marine Fisheries Service, National Oceanic and Atmospheric Administration) from the beginning of the culture until feeding was terminated on 15 October 1996. On 15 November 1996, we selected captively reared fish from the population to match, as closely as possible, the post-orbital-hypural length of wild fish that were being collected. The fish were measured and tagged as described above for wild fish, loaded directly into an oxygenated transport tank, and trucked for approximately 1 h to the Manchester Research Station.
Apparatus and experimental design
Two indoor flumes were configured as spawning channels for this study. Each measured 9 m long by 1.5 m wide and was divided cross sectionally into three 3-m-long by 1.5-m-wide sections using 3-mm-mesh aluminum screens. Arenas of similar size (e.g., 4 m 2 ) have been used successfully to quantify the breeding behavior of coho salmon Gross 1992, 1993) . A 20-to 25-cmdeep layer of 2.5-to 3.5-cm-diameter gravel was added to each section. Each flume received 40 L well water·min -1 . Flows of approximately 28 L·s -1 were created by 2-hp recirculating pumps. Water depth was maintained at 20 cm from initial substrate grade, and water temperature ranged from 10.0 to 11.9°C throughout the experiment. A bank of dual 40-W wide-spectrum fluorescent lights simulated the natural photoperiod of 10 h light : 14 h dark. The sidewalls of the flume were constructed of double-paned tempered glass, which provided a complete horizontal (i.e., underwater) view of each flume section.
Five of the six flume sections were used for this experiment. On 7 December 1996, one captively reared and two wild females were placed individually into a separate flume section and allowed to acclimate overnight. The two remaining sections were stocked with captively reared females on 10 December 1996. Thus, a total of five females were used in the experiment. At 08:00 the morning after a female was introduced, a pair of size-matched males (one captively reared and one wild) was placed into each section containing a female. The two males were removed approximately 45 min after a spawning occurred. The following morning, a new sizematched pair of males was introduced and allowed to compete for the same female while she developed her next nest. This procedure was repeated from one to four times with each female. The flumes continued to receive and recirculate water until all viable juveniles had emerged from the gravel.
Behavioral observations
The frequencies of three agonistic behaviors (lateral displays, attacks, and chases) were recorded for each of the two male competitors. Lateral displays occurred when the males presented their lateral side to their competitor and extended their pelvic and anal fins and raised their dorsal fin. Attacks were open-mouth pursuits that ended in contact but included instances where fish charged and rammed competitors with their snouts. Chases were defined as instances where the aggressor pursued its opponent beyond the opponent's location prior to the pursuit. The frequencies of attacks, chases, and lateral displays between eventual dominant and subordinate males were compared with a Wilcoxon paired ranks test to determine whether subdominant and dominant males (determined at the time of spawning) were equally aggressive during the first hour after their introduction into a flume section.
Male courtship behaviors (crossovers and quivers) and female digging and probing behaviors were also quantified to describe male-female interactions during the period leading up to spawning. Definitions of these behaviors closely follow Tautz and Groot (1975) . Briefly, male crossovers were performed by swimming over the back or caudal peduncle of a female. Quivers were head-to-tail high-frequency vibrations performed by a male next to the female. Females excavated nest sites by rolling onto their sides, arching their backs, and rapidly executing nest digs, a series of multiple up-and-down digging movements with their caudal fins. Once a nest depression was established, a female would perform probes by extending her anal fin and lowering herself into the developing nest, apparently to test its depth and water flow characteristics. Covering digs occurred immediately after spawning and functioned to cover eggs in the nest pocket.
There were 14 replicate trials conducted to test the null hypothesis that no difference in dominance ability existed between captively reared and wild males. Dominant males were defined as those that maintained the position nearest the female and exhibited continuous courtship behavior during the period leading up to spawning. The frequency with which males from each population established dominance over the other was compared by a sign test.
In four of the sections, all fry were removed (and preserved in 100% ethanol) after emergence was complete (1200 degree-days Celsius had accumulated since the last spawning). Approximately 35% of the fry in each section were subsampled for DNA analyses, resulting in sample sizes of n = 44, 200, 172, and 54. In the fifth section of the flume, all four spawning events were observed. In each case, subordinate males were not close to the courting pair at the time of spawning, did not release sperm during or after spawning, and therefore could not have fertilized any eggs. DNA analyses were not conducted for these trials.
Molecular genetic sampling and techniques
Total genomic DNA was isolated from individual fry using a nontoxic phenol substitute (Procipitate, Ligochem Inc.). The manufacturer's instructions were modified to accommodate a 96-well format. Approximately 15 mg of tissue per sample was placed in 1.2-mL polypropylene tubes arranged in a 96-well-formatted microrack. Suitable microsatellite loci for pedigree analysis of individuals from these populations were identified in a previous study (L. Park, unpublished data). Genotype data were collected for most individuals for one to four loci: Str60 (Estoup et al. 1993 ), One2, One13 (Scribner et al. 1996) , and p53 (L. Park, unpublished data). Amplification of each microsatellite locus was performed in separate 10- M each primer) for 30 cycles using a standard thermal profile (54°C annealing temperature). The forward primer for each locus was fluorescently labelled (p53 and Str60 with 6-FAM, One2 with HEX, and One13 with TET) for visualization during electrophoresis. Amplifications were performed in a 96-well format using a Bio-Oven III Thermocycler (St. Johns Associates, Inc.), and up to four 96-well plates at a time were simultaneously amplified. Amplification products were diluted between six-and 30-fold with distilled water and all loci for a given sample were combined together. An aliquot of the combined mixture was added to formamide containing a size standard (TAMRA 500, PE Biosystmes) and electrophoresed on an ABI 310 genetic analyzer (PE Biosystems). Fragments were sized and genotypes determined using the software Genescan 2.0 and Genotyper 2.0 (PE Biosystems).
Mating analysis was performed using the computer program Compare 2.01 (John Taggart, University of Stirling). This program uses a "brute force" approach by generating all possible progeny genotypes from given parent-pair matings and then generating a list of all parent pairs that match an unknown progeny genotype. As only one female was placed into each chamber and the progeny from each chamber were collected separately, the female parent was assumed to be known in all cases. As such, it was relatively easy to identify which male was the father of any particular individual; sometimes, only a single locus was necessary to make this determination.
Results
Dominance relationships
Wild males established dominance over captively reared males in 11 of the 14 trials (P = 0.022), including five of seven contests for access to captively reared females and six of seven contests for access to wild females. Both of the wild Stavis Creek males and nine of 12 Big Beef Creek males were dominant over closely size-matched captively reared rivals (Table 1 ). The actual spawning event was observed in 12 of the 14 trials; the other two occurred at night. In the two night-spawning events, the dominant male was presumed to be the one that was actively courting the female the night before spawning and the morning after spawning, as the female began to construct her next nest. b Difference in behavior frequency during the first hour after the pair of males was introduced into the chamber. c The presence of a sneaking male participating in spawning is denoted with an (S). d The number and percentage (in parentheses) of fry sampled that were assigned to the dominant male by DNA pedigree analysis. Fry were sampled at a rate of 38% per each of the five sections. Blank cells indicate that DNAs were not analyzed because spawning was observed for all four trials in that cell, and only the dominant male participated in spawning. e Where a range is given, the spawning occurred some time overnight and was not observed. f No viable progeny were sired by either male. Table 1 . Summary of results from male competition between captively reared (CR) and wild coho salmon, including body size information, and differences in aggressive behavior frequencies during the first hour of competition.
Spawning occurred between 1 and 52 h after a pair of males was introduced into a channel section (Table 1) . During the hour immediately preceding spawning, dominant males exhibited steadily increasing crossover frequencies, while quivering frequencies remained fairly constant (Fig. 1) . Subordinate males (by definition) were unable to gain access to the females and therefore exhibited virtually no courtship behavior (Fig. 1) . In two of the 12 observed spawning events, subordinate captively reared males held satellite positions downstream of the courting pair and frequently entered the nest area prior to spawning. In both cases, the satellite male entered the nest on the opposite side of the female occupied by the dominant male and released milt within 4 or 6 s after the dominant male had begun releasing milt. None of the three subordinate wild males participated in spawning.
In 11 of the 14 trials, a full hour of data was collected beginning immediately after the pair of males was introduced. In the other three trials, a full hour of observation was not completed because observers had to allocate observation time to other trials in which spawning appeared imminent. Fish that were determined to be dominant (based on their courtship behavior and proximity to the female) delivered significantly more attacks (P = 0.004) and chases (P = 0.001) than they received during the first hour of competition. The frequency of lateral displays delivered by dominant and subordinate males during the first hour of competition did not differ significantly (P = 0.20) (Table 1) .
DNA analyses
The DNA results confirmed the behavioral observations in nine of the 10 trials in which pedigree analyses were conducted (Table 1 ). All progeny were assignable to single-pair matings. In the two trials in which satellite males participated in spawning, the dominant male sired 100% of the progeny in each case (Table 1 ). In one of the two spawnings occurring at night, the male that was presumed to be dominant (based on pre-and post-spawning behavior) sired 100% of the progeny produced. In the other trial, none of the progeny sampled from that section appeared to have been derived from individuals from that trial, although spawning was evident by the existence of two covered nests. These nests were later excavated by hand and found to contain dead eggs.
Discussion
Wild males dominated size-matched captively reared males in 79% of our trials. Satellite males participated in spawning in only two of the 12 observed spawning events. In both cases, satellite males failed to sire any of the progeny sampled, which is consistent with the generally higher fertilization success of dominant males found in other studies of chum salmon (Schroder 1982) and Atlantic salmon (Salmo salar) (Mjolnerod et al. 1998) in which competing males were of similar size (see Moran et al. (1996) and Foote et al. (1997) for fertilization success of much smaller early-maturing males). Therefore, the differences in male dominance in the present study were directly related to breeding success. The competitive advantage that wild males exhibited over captively reared males supports the findings of a study from the previous year in which wild males were dominant in 86% of all spawning events (Berejikian et al. 1997) . Together, these studies point to a significant decline in the ability of captively reared males to compete for mates.
Differences in the frequency of attacks and chases during the first hour of competition were consistent with the final dominant-subordinate determinations made at spawning, suggesting that the hierarchies were established soon after the males were released into the arenas and remained stable throughout the spawning event. Ritualized aggressive contests, which last several hours before dominance is established (chum salmon: Schroder 1981; chinook salmon: B.A. Berejikian, unpublished data), were not observed in any of our trials. This was an unexpected result because competition is most intense between males of similar size (Healey and Prince 1998) , which was the case in the present study. The confined experimental arenas possibly created unnatural aggressive interactions by not allowing full expression of aggressive behavior, which may require more space (e.g., Fig. 1 . Frequencies of dominant male courtship behaviors (crossovers and quivers) and female nest construction behaviors (probing and digging) 60 min before to 30 min after spawning for 11 different events. Behavior frequencies were summarized every 2 min. Lines represent the average behavior frequencies of the 11 spawning events, including 11 different dominant males (nine wild and two captively reared) and five different females (two wild and three captively reared). Standard errors are shown every 10 min for the male behavior frequencies. Frequencies for the 11 subordinate males were too infrequent to be visible on the graph. Healey and Prince 1998) . In natural streams, less competitive male coho salmon may choose to avoid conflict by not contending for temporary access to a sexually active female. A decision by competitively inferior males to submit (rather than fight) when challenged by superior males would minimize conflict and reduce energy expenditure and injury ) that could shorten their reproductive life span. In natural spawning populations, such males would probably search for other sexually active females where they might be more competitive (Semenchenko 1987) . Less competitive males also adopt a satellite or "sneaker" tactic (Gross 1985) , which may become more likely as the ratio of sexually active males to sexually active females increases (see Schroder 1982) .
The observed differences in male competitive ability were most likely caused by the dramatically different environments experienced by the wild and captively reared fish. Phenotypic divergence (behavioral, morphological, and physiological) between cultured and wild salmon has been well documented and is related to the proportion of the life cycle spent in culture (Fleming et al. , 1997 McDonald et al. 1998 ). Wild and hatchery-reared salmon differ in some characteristics, such as stamina and swimming performance (McDonald et al. 1998) , which may be important in determining fighting ability. However, physical superiority resulting in increased fighting ability was probably a less important factor in determining the outcome of male contests than other potential explanations because contests were settled quickly before physical fighting ability could have become a major factor. The role of physical appearance in the competitive asymmetries that we found could not be determined directly but may have been important to the extent that "decisions" to fight or submit are based on the visual assessment of an opponent (see Johnsson and Aakerman 1998) . The wild coho salmon used in this and a previous study (Berejikian et al. 1997) were much more brilliantly colored and had greater development of some secondary sexual characteristics (e.g., snout length) than the captively reared fish (see Hard et al. (2000) for a morphometric analysis, which included the fish used in this study). Male nuptial coloration plays an important role in determining dominance during reproduction in other fish species (e.g., Kodric-Brown 1995; Baube 1997) . Variation in the development of secondary sexual characteristics (hump height) in wild salmon populations can also influence access to females and presumably breeding success (Quinn and Foote 1994) .
It is unlikely that female mate choice affected the relative breeding success of captively reared and wild males in our study, primarily because dominance was established quickly among the males, and female aggression against males was rare and almost always defensive (i.e., resulting from male attacks). Moreover, female salmonids typically exhibit mate choice by delaying spawning, which allows other males the opportunity to aggressively evict the dominant male (Schroder 1981; Blanchfield and Ridgeway 1999) . In our study, only one other male was ever present, so opportunities for eviction of the dominant male were limited to the efforts of a single competitor. In natural streams, however, female choice may be a significant factor in determining the relative breeding success of captively reared and wild males. To the extent that characters associated with male dominance also make them more attractive mates, female choice in natural streams would most likely benefit wild over captively reared males (also see Berejikian et al. 1997) . Reticence on the part of females to spawn with captively reared males (if they are the only males available) might cause females to delay spawning (see Schroder 1981; Semenchenko 1987; Foote 1989) . Potential consequences of delayed spawning include reduced egg deposition and overripening of the eggs (de Guademar and Beall 1998), although such extreme effects of mate choice have not been documented in salmonids spawning in natural streams. If such a scenario were to occur, however, the success of recovery efforts that involve releasing captively reared adults could be affected.
The influence of full-term captive rearing on development of reproductive behavior patterns (excluding the influence of physical appearance) is difficult to determine but may be important in designing captive rearing strategies to produce adult salmon that will be reproductively successful. Environmentally induced behavioral development of juvenile salmon grown in hatcheries differs from that of cohorts living in natural streams (Dickson and MacCrimmon 1982; Berejikian et al. 1996) , and manipulating environmental factors such as fish density and food ration (Symons 1968; Ryer and Olla 1991) in culture can influence juvenile salmonid social behavior. Fleming et al. (1997) found that naturally produced (wild) Atlantic salmon demonstrated greater breeding success, yet with a lesser degree of fighting, than fish from a common genetic background that were reared in a hatchery and released as smolts (sea-ranched). This strongly suggests that early development can influence behavior, male dominance, and, ultimately, breeding success. The relative influences of unnatural behavioral development and morphometric divergence from the wild state (Hard et al. 2000) on adult breeding behavior and reproductive success of captively reared salmon are difficult to measure. Thus, modifications to husbandry practices (e.g., improved diets and increased exercise) that might improve adult morphology or influence adult behavior are likely to progress slowly. In the interim, adult release programs should proceed under the premise that captively reared adults are likely to be competitively inferior to wild fish during their reproductive period.
